The long terminal repeat (LTR) retrotransposons Tf1 and Tf2 of Schizosaccharomyces pombe are active mobile elements of the Ty3/gypsy family. The mobilization of these retrotransposons depends on particle formation, reverse transcription and integration, processes typical of other LTR retrotransposons. However, Tf1 and Tf2 are distinct from other LTR elements in that they assemble virus-like particles from a single primary translation product, initiate reverse transcription with an unusual self-priming mechanism, and, in the case of Tf1, integrate with a pattern that favors specific promoters of RNA pol II-transcribed genes. To avoid the chromosome instability and genome damage that results from increased copy number, S. pombe applies a variety of defense mechanisms that restrict Tf1 and Tf2 activity. The mRNA of the Tf elements is eliminated by an exosome-based pathway when cells are in favorable conditions whereas nutrient deprivation triggers an RNA interference-dependent pathway that results in the heterochromatization of the elements. Interestingly, Tf1 integrates into the promoters of stress-induced genes and these insertions are capable of increasing the expression of adjacent genes. These properties of Tf1 transposition raise the possibility that Tf1 benefits cells with specific insertions by providing resistance to environmental stress.
INTRODUCTION
The fission yeast Schizosaccharomyces pombe, discovered in the late 1800s in East Africa and genetically characterized in the 1950s by Urs Leupold (97) , has became a central model for studies of cell cycle, gene expression, and the complex relationship between transposable elements (TEs) and their host. Schizosaccharomyces pombe, also known as fission yeast, can be studied with a sophisticated toolbox of molecular and genetic techniques. The haploid genome is 12.57 Mbp and encodes 5,052 genes distributed among three chromosomes (1) . The complete genome sequence of the Leupold isolate revealed that TEs constitute 1.1% of the genome (2) ( Table 1 ). All TE-related sequences in S. pombe derive from long terminal repeat (LTR) retrotransposons. The intact elements present in the Leupold strain are 13 fulllength copies of the Tf2 element (3) . Recombination that occurs between the LTRs of a full-length element results in solo LTRs that serve as a fossil record of TEs that are no longer present. The Leupold strain contains 249 solo LTRs or LTR fragments that are derived from nine clades of LTR retrotransposons. The youngest clades are the 35 LTR sequences from Tf2 and the 28 LTRs from Tf1, an element related to Tf2 but that is no longer present in the Leupold strain (2) . Full-length Tf1 elements are present in wild isolates of S. pombe collected from different geographic regions (3) . The transposition activity of Tf1 and the function of its proteins is measured by expressing a plasmid-encoded copy of Tf1 that contains neo (4, 5) . Levels of Tf1 transposition correspond to amounts of G418 resistance. wtfs are another form of repeat identified in the Leupold strain (6) . They are present in 25 copies and are generally 250 bp downstream of an LTR (2) . Their function is unknown, but they appear to encode protein and their transcription is strongly induced during meiosis (7, 8) .
THE CYCLE OF Tf1 TRANSPOSITION
The full-length Tf1 and Tf2 elements are flanked by two LTRs and encode Gag, protease (PR), reverse transcriptase (RT), and integrase (IN) ( Fig. 1 , Table 2 ). The LTR sequences of Tf1 and Tf2 share stretches of sequence identity and although the Gags of these two elements are divergent, the coding sequences for RT and IN are virtually identical (3, 9) . The structure of these TEs and the function of their proteins are closely related to those of retroviruses. Indeed, the order of RT before IN in the open reading frame (ORF) and phylogenetic analysis of the coding sequences place Tf1 and Tf2 firmly within the Gypsy/Ty3 family of LTR retrotransposons, a clade that includes elements with envelope-like proteins that appear to mediate infection (10) (11) (12) (13) (14) .
The transposition cycle of Tf1 begins with transcription of the full-length mRNA, which is then exported to the cytoplasm where it is translated ( Fig. 1 ). Most retroviruses and LTR retrotransposons encode two separate ORFs for the pol and gag proteins, and PR cleaves the polyproteins into their mature size. Mechanisms such as frame shifting that result in low levels of the Pol proteins RT and IN relative to Gag are thought to be important to allow efficient particle assembly. However, Tf1 encodes one long polyprotein. The processing activity of PR cleaves the polyprotein into the mature sized Gag, PR, RT, and IN (15) . An unknown activity degrades RT and IN to produce the appropriate low levels relative to Gag that allow for particle assembly (16) . Gag forms the coat of the virus-like particle, a 50-nm structure that contains at least two copies of Tf1 mRNA, RT, and IN (15, 17, 18) . RT copies the mRNA into double-stranded cDNA, which is transported into the nucleus where IN mediates the integration of the cDNA fragment at a new genomic position and generates a 5-bp target site duplication (5) .
As is true for the Gag proteins of retroviruses, Tf1 Gag is sufficient for the formation of virus-like particles and is required for the packaging of Tf1 mRNA and reverse transcription (18) . Deletion analyses of Gag identified an N-terminal nuclear localization signal and adjacent residues that modulate the mode of import (19, 20) . The import of Tf1 Gag is governed by a unique requirement for the FXFG nuclear pore factor Nup124p and mutations that compromise virus-like particle structure bypass the requirement for Nup124p (19) (20) (21) . These data, together with the finding that Gag interacts directly with Nup124p, led to the model that Nup124p is required for Tf1 import because it accommodates the particle-like structure of Tf1 Gag (21). Interestingly, the role of Nup124p in particle import may be conserved in humans. Nup153, the component of the human nuclear pore complex that is most closely related to Nup124p, contains a domain that can mediate the import of Tf1 Gag in S. pombe that lack Nup124p (22, 23) . Similar to the role of Nup124p in the import of Tf1 Gag, Nup153p directly engages the capsid protein of HIV-1 and is required for infectivity (24) (25) (26) (27) .
Another host factor that mediates the import of Tf1 Gag into the nucleus is the histone acetyltransferase interacting factor Pst1p and experiments indicate that acetyltransferase activity is necessary for transport of Gag into the nucleus (28) .
The reverse transcription of Tf1 mRNA into fulllength cDNA relies on the same intermediates and strand transfers of these intermediates as other LTR retroelements (see Mobile DNA III chapter 46, Reverse Transcription of Retroviruses and LTR Retrotransposons by S. Hughes). However, unlike typical LTR retrotransposons and retroviruses, Tf1 does not require a tRNA to initiate reverse transcription. Instead, Tf1 possesses a unique mechanism of self-priming that relies on the priming activity of the first 11 bp of the Tf1 mRNA (4, 29, 30) . This 11-bp segment of Tf1 RNA anneals to the primer binding site in the mRNA and the RNaseH domain of RT cleaves the mRNA between bases 11 and 12 ( Fig. 2A ) (30) (31) (32) . The self-primer is then used by RT to initiate minus-strand cDNA synthesis. Self-priming of reverse transcription requires the formation of a complex RNA structure that includes duplexes of several segments of the Tf1 mRNA ( Fig. 2B ) (33) . One element of the RNA structure termed the U5-IR stem loop includes a downstream segment of the LTR (U5) and is required for self-priming. This structure is surprisingly similar to a feature in the mRNA of Rous sarcoma virus that is also necessary for reverse transcription (34) . This structural similarity indicates that there is strong conservation in the way RT recognizes the minus-strand primer. Nevertheless, the lack of a potential tRNA primer and the formation of a duplex between the primer binding site and the 5′ end of the mRNA are hallmarks of Tf1 that are central to the selfpriming mechanism. Scrutiny of many other LTR retrotransposons reveals that Tf1 and Tf2 are the founding members of a large class of elements that also use selfpriming to initiate reverse transcription (35, 36) . While virtually all of the self-priming elements belong to the Ty3-gypsy family of retrotransposons, one element from the Ty1-copia family also has the potential to self-prime (37) .
In another twist of Tf1 reverse transcription the selfprimer is not removed during reverse transcription, which results in 11 additional bases at the 3′ end of the plus strand cDNA that are complementary to the selfprimer (38) . Biochemical experiments with recombinant protein show that IN has an unusual processing activity that removes these 11 bases from the 3′ end of the plus strand cDNA and allows integration to occur (38, 39) . The plus-strand primer of reverse transcription or polypurine tract (PPT) contains 13 ribonucleotides positioned immediately 5′ of the downstream LTR. Analysis with single nucleotide resolution of the 5′ plus-strand and 3′ minus-strand ends of the cDNA indicate the PPT consists of UUGGGGAGGGCAA (31) . In vivo and biochemical experiments show that the PPT is removed by RT before reverse transcription is complete and that purified RT can remove the self-primer from the 5′ end of the minus-strand (31, 40) . Interestingly, the PPT removal activity of RT is greatly stimulated by IN (40) . Other biochemical assays demonstrate that Tf1 RT possesses several unusual activities such as template- independent DNA synthesis and the ability to clamp very short primer terminal sequences onto the 3′ termini of template strands (41) (42) (43) (44) .
The IN of Tf1 has many similarities with INs of retroviruses and other LTR retrotransposons including the 3′ processing activity that exposes the 3′ CA of the cDNA and the strand transfer activity that simultaneously cleaves the phosphodiester bonds in the target DNA and catalyzes formation of the covalent bond between the 3′ end of the LTR and the 5′ end of the target DNA (see Mobile DNA III chapter 45, Host Factors in Retroviral Integration and the Selection of Integration Target Sites by F. Bushman and R. Craigie) (39) . The structure of retrovirus and LTR retrotransposon INs is divided into three domains that contain conserved motifs. The N-terminal domain binds zinc and contains an HHCC motif; the center domain has the catalytic residues and contains the D-D-E motif; and the C-terminal domain has DNA binding activity. Some INs in their C-terminal domain have subdomains, a GP(Y/F) domain, a chromodomain, or both (13) . Tf1 possesses both the GP(Y/F) domain and the chromodomain (45) . Both of these features are necessary for integration in vivo (45, 46) . In vitro experiments demonstrate that the GP(Y/F) domain is necessary for strand transfer activity, binds DNA, and mediates IN multimerization (45) . The chromodomains of INs are similar in structure to the chromodomains of chromatin factors and in cases of plant retrotransposons they direct binding to heterochromatin (47) . The chromodomain of the fungal element Maggy directs integration to heterochromatin by interacting with histone H3 methylated at lysine 9 (47) . Although no interaction has been detected between the chromodomain of Tf1 IN and histones, it does play a role in binding IN to cDNA in vivo (48) .
SITE SELECTION OF Tf1 INTEGRATION
Integration of TEs can damage the genetic content of the host. LTR retrotransposons feature strategies to avoid disrupting coding sequences during integration. In Saccharomyces cerevisiae the IN of Ty3 interacts with components of TFIIIB to position integration one to four nucleotides upstream of RNA pol III-transcribed genes (see Mobile DNA III chapter 42, Ty3, A Position-Specific Retrotransposon in Budding Yeast by S. Sandmeyer and K. Patterson) (49) . The IN of Ty5 directs integration to heterochromatin by binding Sir4, a component of heterochromatin (50) . In S. pombe Tf1 avoids integrating in coding sequences by a different mechanism that is not fully understood. The choice of integration sites is thought to depend on features of Tf1 IN as well as on features of the host factors and sequence.
Existing TE sequences provide evidence of past integration events and can provide information about the integration behavior of elements. The genome sequence of S. pombe contains 13 full-length Tf2 elements and 249 solo LTRs or LTR fragments (2) ( Table 1) . Phylogenetic analysis of solo LTRs demonstrates that Tf1 and Tf2 are the most recently active transposable elements in S. pombe. Tf1 and Tf2 sequences are in promoter regions of RNA polymerase II-transcribed genes, in a window located 100-400 bp upstream of ORFs (2) . The elements are absent from tRNA gene clusters and are greatly underrepresented in intergenic sequences between convergent genes. Although it is possible that these integrated copies persist because of selective pressure, it is now known that the positions of the existing copies result from integration directed to promoter sequences.
Studies of Tf1 integration within the S. pombe genome rely on heterologous promoters to induce the expression of Tf1 with a drug-resistance gene. Selection of cells with de novo insertions allowed a total of 27 sites to be isolated and sequenced (51) . Schemes that lack selection of insertions in S. pombe are also used to generate and sequence insertion sites (52, 53) . In two studies not using genetic selection, 51 and 9 insertions were sequenced. Regardless of whether selection is used, the insertions distribute throughout the genome and cluster in promoter regions upstream of ORFs (52, 53) .
Unlike Tf1, Tf2 does not depend on IN for the majority of its activity, and mobilizes with a frequency 10to 20-fold lower than Tf1 (54) . When Tf2 marked with neo is expressed from a heterologous promoter 70% of events that introduce Tf2-neo into the genome result from homologous recombination between Tf2 cDNA and pre-existing copies of Tf2. This mechanism is a different strategy to avoid disrupting the host coding sequences, which has been viewed as a recycling of the integration sites. In addition to integration site recycling, the remaining 30% of mobilization events do occur through true integration events (54) . Although the amino acid sequences of Tf1 and Tf2 INs are 98% identical it was possible that the low levels of Tf2 integration were due to the small number of amino acid differences. The results of domain swapping experiments between Tf1 and Tf2 coding sequences revealed that Tf2 IN is fully active. Instead, the low levels of Tf2 integration relative to Tf1 were the result of sequence differences in capsid and PR (55) .
To understand what features of promoter sequences are recognized by Tf1, and to facilitate the isolation of independent insertions, integration events are isolated in target plasmids. These plasmids are targets of integration when introduced into cells that express Tf1. Transposition assays with plasmids containing a collection of genes confirm that insertions occur in promoter sequences and reveal that each promoter possesses a unique and reproducible pattern of integration sites (46) . By generating a series of deletions in target plasmids, minimal sequences as short as 160 bp and 70 bp are found to function as efficient targets (46, 56) . In specific cases the minimal sequences contain binding sites for transcription factors and in the case of insertions in the fbp1 promoter, binding of the transcription activator Atf1p to the promoter mediates integration (46) . The minimal target sequences from the promoters do not support transcription and artificial promoters that do drive transcription are not targets of integration (46, 56) . These results indicate that specific transcription factors, not general transcription machinery, may mediate integration. Although Atf1p mediates integration in the fpb1 promoter it does not contribute to integration at the promoter of ade6 and the overall frequency of genomewide transposition is not reduced in the absence of Atf1p.
The target plasmid assay can also be used to test domains of IN for a role in positioning integration. Tf1 IN lacking the chromodomain can be expressed from a version of Tf1 that has a frameshift mutation in IN. Although this substantially reduces the frequency of transposition, integration events can be isolated in the target plasmid (48) . Tf1 IN lacking the chromodomain greatly modifies the insertion sites in target plasmids containing a variety of target promoters. These data suggest that the chromodomain plays an important role in positioning integration. However, the pattern of Tf1 integration genome-wide is not altered when the chromodomain is absent (57) . These data indicate that with natural genome targets, the chromodomain does not contribute to the selection of insertion sites.
The development of deep-sequencing technologies has radically increased the number of TE insertions that can be mapped genome-wide. Cells with insertions are generated by overexpressing Tf1 containing neo, extracting DNA from G418-resistant cells, and using ligationmediated polymerase chain reaction to sequence libraries of insertions. A saturated map of Tf1 integration with reproducible numbers of events in each intergenic region can be obtained using 454 pyrosequencing (58) . Insertion profiles generated in haploid and diploid strains are indistinguishable. Over 95% of 73,125 independent integration events target intergenic regions, showing again a clear preference for promoters of RNA polymerase IItranscribed genes. An improved method for sequencing Tf1 integration (described below) mapped 800,723 independent insertions and these showed the same preference for promoter regions as observed earlier (Fig. 3) . Just 3.8% of the integrations occur in ORFs. The integration pattern relative to ORFs as shown in Fig. 3 is highly similar to the one of existing integration events, indicating that the distribution of pre-existing Tf elements results from integration mechanisms, not selection pressure (2) . The dense profiles of integration produced with deep sequencing show that a specific set of promoters receive the bulk of the insertion events (58) . Approximately 20% of the intergenic sequences have higher levels of integration than would occur by random selection. Comparisons with genome-wide profiles of transcription do not identify any correlation between amounts of integration in promoters and the levels of transcription (58) . Importantly, the intergenic sequences with enhanced integration are enriched with promoters of stress-induced genes (57, 58) . Promoters of genes that are induced by cadmium, hydrogen peroxide, heat, methylmethane sulfonate, and sorbitol display high levels of Tf1 integration. This pattern supports the model that specific transcription factors mediate the pattern of integration. The bias favoring integration in stress-induced promoters is also seen in diploid strains, indicating that this insertion preference is the result of integration bias, not selection occurring after integration (57, 58) . In contrast to the integration in promoter sequences, the 3.5% of insertion events that occur in ORFs exhibit no gene-specific bias and levels of integration in individual ORFs vary between experiments (58) . This indicates that Tf1 integration may occur by two discrete mechanisms, one that directs the bulk of integration to specific promoters, and one that distributes low levels of integration randomly.
Another type of factor that may play a role in positioning integration is the DNA binding protein Sap1. This essential factor binds to DNA with sequence specificity, blocks replication forks in rDNA repeats, and is required for the imprinting and recombination mechanisms that cause mating type switching (59) (60) (61) (62) (63) (64) . Interestingly, Sap1 binding sites show a strong correlation with positions of Tf1 integration (65) . This link with Sap1 binding sites suggests that Sap1 plays a role in integration.
Recent efforts to characterize patterns of Tf1 integration include a new method of sequencing that maps significantly more insertion events than previous techniques. This method, termed the serial number system, provides more integration data by distinguishing events that occur at the same nucleotide position as independent (57) . Tf1 expression plasmids are induced in cultures of S. pombe to generate large numbers of insertions. But in contrast to previous strategies, diverse libraries of expression plasmids are used that contain 8-bp serial numbers consisting of random nucleotides embedded near the downstream end of the LTR. Insertions that occur at the same nucleotide position and orientation have different serial numbers and can be identified as independent events because the sequence reads that reveal the position of integration also include the serial number sequence. With this method as many as 455,000 insertion events can be sequenced from a single culture of S. pombe (57) . The integration data from the serial number system have the added dimension of tabulating numbers of insertions at each nucleotide coordinate, creating profiles of peaks, spikes, and flat terrains. Comparison of integration profiles between independent experiments shows very high reproducibility. The tabulation of the number of integration events at individual positions reveals that 75% of all the integration occurs at just 35% of the insertion positions. The integration positions with the highest number of repeated insertions have strong nucleotide preferences, traces of which are observed at the 35% of the positions where 75% of the events occur (57) .
HOST DEFENSES AGAINST Tf ELEMENTS IN S. POMBE
Unrestricted transposition is detrimental to the host. Even when integration is directed to gene-free regions the overaccumulation of TEs is a burden on the DNA replication of the host and reduces genome stability. As a result, host organisms such as S. pombe have evolved a variety of defense mechanisms that inhibit TE activity (Table 3 ) (66, 67) . RNA interference (RNAi) is a highly conserved system that inhibits the expression of TEs either by degrading their mRNA or by assembling TE sequences into heterochromatin (68, 69) . In S. pombe, RNAi is mediated by the Argonaute family protein Ago1, the RNA cleaving factor Dcr1, and the RNA-dependent RNA polymerase Rdr1 (70, 71). In vertebrates, insects, nematodes, and plants, RNAi strongly inhibits the expression of TEs (72) . Surprisingly, deletion of ago1, dcr1, or rdr1 resulted only in slight increases in Tf2 expression and did not affect the expression of genes adjacent to LTRs, suggesting that RNAi has a relatively minor role in inhibiting the transcription of TEs in S. pombe (73) . The chromatin features that determine heterochromatin-mediated silencing, histone H3 methylated on lysine 9 and the HP1 homolog swi6, are not associated with Tf sequences (74) . Furthermore, deep sequencing of small interfering RNAs (siRNAs) does not detect Tf-derived sequences (74) (75) (76) . Interestingly, another yeast from the Schizosaccharomyces genus, Schizosaccharomyces japonicus, possesses an extensive population of LTR retrotransposons and mRNAs of these elements are processed into siRNAs (77) .
Although the RNAi machinery of S. pombe does not appear to limit TE activity under optimal conditions, cells with defects in nuclear exosome activity possess a strong RNAi response that processes Tf2 mRNA into siRNAs and assembles Tf2 sequences into heterochromatin (Table 3 ) (78) . The targeting of Tf2s by RNAi relies on the recognition of a cryptic intron by Nrl1, a protein associated with splicing factors (79) . Splicing of the cryptic intron is predicted to remove 20 amino acids from RT near the N terminus of the protein. The incorporation of Tf2 into heterochromatin when cells lack the exosome demonstrates that there is competition between the exosome and RNAi for Tf2 mRNA. Under conditions of nutrient deprivation, such as low glucose, the competition is altered such that Tf2 mRNAs are processed into siRNAs and Tf2 sequences assemble into heterochromatin even when cells possess functional exosomes (78) .
The transcription apparatus of the host inhibits the expression of genes that are not necessary during vegetative growth in ideal conditions. The histone chaperone complex Histone Regulator A (HIRA) deposits nucleosomes independent of DNA replication and this prevents the transcription of many genes when cells grow in ideal conditions (80) . Interestingly, HIRA also plays a key role in inhibiting TE expression in S. pombe. Cells lacking either of the two HIRA factors, Hip1 or Slm9, express high levels of Tf2 mRNA and noncoding transcripts that initiate at solo LTRs (80, 81) .
Another class of proteins that inhibit the expression of TEs in S. pombe is the centromere protein B (CENP-B) proteins. CENP-B factors are a conserved set of proteins that bind DNA repeats in many species from S. pombe to humans (82) . Interestingly, CENP-B proteins are thought to have evolved from an ancient pogo-like DNA transposon (83, 84) . In human cells CENP-B binds to a 17-bp sequence present in pericentromeric α-satellite repeats (85) . The three CENP-B homologs in S. pombe are Abp1/ Cbp1, Cbh1 and Cbh2. Together, these proteins bind to specific sequences in the LTRs throughout the genome (86) . The CENP-B proteins, in particular, Abp1, greatly inhibit the transcription of Tf1, Tf2 and genes adjacent to LTRs (Table 3 ) (86) . The reduced transcription can result in inhibition of Tf1 integration events. Abp1 inhibits transcription of Tf2 in part by recruiting the histone deacetylases Clr3 and Clr6. In addition, the histone H3K4 methyltransferase Set1 cooperates with Abp1 to regulate the sense and antisense transcription of Tf2 (87) . Importantly, Abp1-mediated inhibition of Tf2 transcription is independent of the repressive function of the HIRA complex (86) . If CENP-B proteins are derived from ancient DNA transposons it is interesting to speculate that the DNA-binding activity of the transposase evolved to recognize sequences within LTR retrotransposons and this resulted in an inhibitory activity that was co-opted by the host to control TEs.
The mobility of LTR retrotransposons can include efficient homologous recombination between transposon (88) cDNA and existing copies of the TE in the host genome. This recycling of insertion sites is the primary mode of action for Tf2 and it is thought to repair damaged copies of the TE (54) . The CENP-B proteins not only defend S. pombe by inhibiting Tf2 transcription, they also restrict the homologous recombination between cDNA and existing Tf2s (86) . An intriguing feature of the CENP-B proteins is that they play a role in organizing the Tf2 sequences into one to three subnuclear foci called Tf bodies (86) . The clustering of Tf bodies also requires the Ku heterodimer complex of Ku70 and Ku80 and the condensin complex (88) . In a chain of interactions, Abp1 recruits the Ku complex to Tf2 and LTR sequences and in turn Ku recruits condensin. Tf bodies are dynamic and disassociate during S-phase and after DNA damage when histone H3 Lys56 acetylation inhibits Ku recruitment (88) . Although it is clear that Tf2 elements and presumably solo LTRs organize into clusters in the nucleus, and that this must have significant impact on the threedimensional structure of the genome, the function of Tf bodies remains to be determined. Although the Ku complex and the dimerization domain of Abp1 are required for the formation of Tf bodies they are not required for restricting Tf2 transcription (86) .
High copy number is a feature of TEs that inflict harm on the host by reducing genome stability by way of chromosome rearrangements including duplications and deletions. The LTRs in S. pombe impair DNA replication by blocking fork progression, a property that results from the binding of Sap1 to LTRs (65) . Although the function of this replication block is not clear, it also occurs in rDNA repeats and has the intriguing feature of occurring in only one orientation. In the absence of the three CENP-B factors the stalled replication forks collapse and this leads to a high frequency of doublestranded chromosomal breaks that results in lethality (65, 89) .
THE BIOLOGICAL IMPACT OF TRANSPOSITION IN S. POMBE
The relationship between TEs and the host is often described as one of genetic conflict where each evolves machinery to combat the other. The examples of host mechanisms that reduce the expression of Tf2 described above clearly show that S. pombe has methods to combat TE activity. However, the relation is far more complex, in part because the propagation of TEs is entirely dependent on the host. In addition, TEs have been proposed to benefit the host greatly by providing regulatory sequences and by reorganizing the genome in response to environmental stress (90) . Examples of TE insertions that alter the expression of adjacent genes are observed in many organisms and include Saccharomyces cerevisiae in which copies of Ty1 or one representative copy of Ty3 increase expression of tRNA genes (91, 92) . Genomewide studies of RNA in S. pombe reveal examples of Tf2 LTRs that regulate adjacent genes. The LTRs function as transcription start sites for mRNAs that read through neighboring genes. When cells are grown in low oxygen conditions, the transcription activator Sre1 binds to Tf2 LTRs at the sequence 5′-ATCGTACCAT-3′, and induces transcription of Tf2 (93) . Importantly, solo Tf2 LTRs are also bound by Sre1 and this generates transcripts that initiate in the LTR and read through into downstream genes (Fig. 4A) . However, the Sre1 binding sequence does not exist in Tf1 LTRs and Sre1 does not bind or regulate Tf1 LTRs. To determine whether Tf1 insertion can alter the expression of adjacent genes a target plasmid was studied that contains a Tf1 insertion in the intergenic sequence between the genes bub1 and ade6. Northern blots show that the Tf1 insertion increases the expression of both bub1 and ade6 (Fig. 4B) (46) .
To understand the biological impact of TE insertion it is important to know what fraction of transposition events alter the expression of neighboring genes. In general, this is not known because insertions studied are initially identified using phenotypes that result from altered expression. To gauge what fraction of Tf1 insertions alter gene expression of adjacent genes an unbiased collection of integration events can be studied. A systematic analysis of 14 strains with single Tf1 insertions reveals that 40% of the insertions increase expression of adjacent genes (94) . Surprisingly, none of the insertions reduce the expression of adjacent genes. The insertions that increase expression of adjacent genes do so by introducing a transcriptional enhancer. This results in higher amounts of transcripts that initiate from the original start site (Fig. 4C) . The genes that are induced by the Tf1 enhancer turn out to be the genes that, in the absence of Tf1, are induced by heat shock and oxidative stress (94) . The Tf1 promoter itself is activated by heat shock and oxidative stress, suggesting that the Tf1 enhancer synergizes with stress response promoters to increase the transcription of genes adjacent to Tf1 (94) .
As more information accumulates about the properties of Tf1 it becomes clear that this transposable element is wired into a network of stress response mechanisms. First, Tf1 transcription increases substantially when cells are exposed to heat and oxidative stress (94) . This suggests a mechanism that activates transposition in response to stress. Second, the profile of Tf1 integration shows a pattern of insertion sites that clearly favors stress response promoters (57, 58) . Third, the expression of stress response genes is increased by adjacent copies of Tf1 (94) . Together, these features suggest the intriguing possibility that Tf1 integration is a mechanism that is induced by stress and efficiently generates mutations that have the potential to improve survival of individual cells. While this scenario may sound compelling, much must be done to test it. Does environmental stress actually induce Tf1 integration? Can Tf1 integration provide a competitive benefit to cells exposed to environmental stress? If Tf1 integration does improve survival of individual cells, is the frequency of cells with this outcome any greater than the spontaneous rate of resistance mutations that are selected during stress. Once these questions are answered it will be clear whether Tf1 possesses specific mechanisms that provide direct benefit to cells exposed to stress.
CONCLUSIONS
The strains of S. pombe studied in laboratories around the world all originated from an individual isolate that contained 13 Tf2 LTR retrotransposons together with about 250 single LTRs. Although these 13 retrotransposons represent the only TEs present in the laboratory strains, it is important to remember that these sequences are a single snapshot of the dynamic and polymorphic mobile collection that exist in wild populations of S. pombe. The 250 single LTRs in the laboratory strain are evidence of many different families of LTR retrotransposons including Tf1, the highly active TE that was isolated from a wild strain. The static nature of Tf2 elements in laboratory strains could be a result of the inhibitory functions of CENP-Bs, the exosome, and the heterochromatization of Tf2 that occurs under nutrient deprivation. However, conditions of environmental stress overcome the mechanisms that restrict these TEs and result in induction of Tf1 and Tf2 mRNA. Once Tf1 integrates into new positions it can overcome host mechanisms that inhibit its own expression and increase transcription of adjacent genes. Because integration often occurs next to stress response genes we propose that the ability of Tf1 to induce the expression of adjacent genes may be beneficial to the host when exposed to environmental stress. This idea is consistent with the observation that environmental stress induces Tf1 and Tf2 transcription, a process that may lead to de novo insertions. The mechanisms that restrict TE activity and the ability of Tf1 and Tf2 to escape the restrictions are vivid examples of the conflict that exists between the TEs and S. pombe. The possibility that Tf1 integration may be beneficial to the host may explain the balance that has been struck between restriction and mobility. , which activates the transcription of oxygen-dependent genes such as amt3. Pol II (pink); RNA polymerase II. (B) Sequences within the Tf1 LTR substitute for the elements in the ade6 promoter that are disrupted by Tf1 integration. Tf1 integration results in a 2.1-to 3.6-fold increase in ade6 expression. TF (grey): transcription factor. (C) Tf1 integration near the heat shock gene ssa1 acts as an enhancer of transcription, through a mechanism that may involve the transcription activation factor Atf1 (red). A motif TGACGT similar to the sequence bound by Atf1 is within the Tf1 LTR (blue). doi:10.1128/microbiolspec .MDNA3-0040-2014.f4
